Larval zebrafish is a promising vertebrate model for understanding neural 14 mechanisms underlying learning and memory. Here, we report on a high-throughput 15 operant learning system for zebrafish larvae and demonstrate that lower visual 16 intensity ratio of the conditioned stimulus to the background can enhance learning 17 ability, highlighted by several behavioral metrics. We further characterize the learning 18 curves as well as memory extinction for each conditioned pattern. Finally, we show 19 how this learning process developed from 7 days old to 10 days old zebrafish. 20 Highlights 21  Conditioned visual patterns with lower intensity ratio to the background elicited 22 stronger operant learning responses 23  Memory extinction was modulated by the visual intensity ratio of the conditioned 24 stimulus to the background 25  A high-throughput automated system for acquiring and analyzing behavioral data 26 27 2 Material and Methods 61 2.1 Ethical statement of animals-using 62 Handling and care of all animals were conducted in strict accordance with the 63 guidelines and regulations set forth by University of Science and Technology of 64 China (USTC) Animal Resources Center, and University Animal Care and Use 65 Committee. Both raising and training protocols were approved by the Committee on 66 the Ethics of Animal Experiments of the USTC (permit number: 67 USTCACUC1103013). 68 2.2 Animals and raising 69 Zebrafish (Danio rerio) of the genotype huc:h2b-gcamp6f were used in all 70 experiments. All tested fish were from 7 to 10 dpf (day past fertilization) larvae. They 71 were bred, raised and housed in the same environment. Fish were fed two times per 72 day from 6 dpf with paramecium in the morning (8-9 A.M.) and evening (6-7 P.M.) 73 until used in the experiments. Water was replaced with E2 medium (Cunliffe, 2003) 74 in the morning (8-9 A.M.) and evening (6-7 P.M.). Water temperature was maintained 75 at 28.5 °C. Illumination was provided by fluorescent light tubes from the ceiling with 76 lights turned on at 08:00 A.M. and off at 10:00 P.M. 77 2.3 Experimental Setup 78 The behavioral system with custom software suites and supported hardware were built 79 to achieve an end-to-end high-throughput experimental workflow. (Figure 1A) 80 2.3.1 Hardware 81
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Introduction 28 In operant conditioning, an animal learns, through trial and error, to correlate its 29 behavioral responses with the consequences. This form of associative learning has 30 been intensively studied in mammals (Freund and Walker, 1972; Ishikawa et al., 
Self-control conditioning protocol
All phases were identical to the operant learning protocol, except for no electroshock 145 delivery. The visual intensity ratio is defined as the ratio of the grayscale value of the 153 conditioned pattern to the grayscale value of the pure-gray pattern (the 154 non-conditioned pattern). The descending ranking of intensity ratios: the white-black 155 checkerboard > the red-black checkerboard > the pure-black pattern (see Table. 1 for 156 more details). 157 2.5.2 Pre-screening 158 We define data quality as the percentage of not-bad frames. Frames when fish froze 159 over 1 second were considered bad. Fish with data quality lower than 0.95 were 160 excluded from the analysis since those fish did not swim spontaneously and 161 frequently. Those fish were considered not in good conditions. 162 The positional index is defined as the percentage of frames when fish were in the 163 non-CS zone. 164 2.5.3 Turning analysis 165 We scored a turning event when the heading angle change between two consecutive 166 frames exceeded 15 degrees. The fish would get +1 score when performing an escape 167 turn, and -1 score when returning to the CS zone. Fish in the Non-CS zone executed 168 an escape turn when they approached the midline (within twice body length) and then 169 turned back ( Figure S2 ). The turning index is defined as where s(+) and s(-) are positive and negative scores respectively. In this way, the 172 turning index would fall between 0 and 1, the same range as the positional index. 175 This is defined as a signed Euclidean distance from the fish head position to the 176 mid-line. The sign is -1 when fish were in the CS zone and +1 when fish were in the 177 non-CS zone. 178 2.5.5 Learning analysis 179 To evaluate whether fish learned the operant learning task, we divided the entire 180 operant conditioning protocol time into 24 two-minute-epochs. The memory may go 181 extinct during the test phase in the absence of electroshocks (Myers and Davis, 2007) .
Distance to the mid-line
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The extinction point was computed as the first time when the positional index within 183 an epoch dropped below the baseline. The retrievable period was defined from the 184 starting time of the test phase to the extinction point. We would use the memory 185 length or the retrievable period interchangeably. If the positional indices in the 186 retrievable period were significantly higher than the positional indices in the baseline 187 phase, fish were classified as learners (The unpaired t-test was applied).
188
The positional index increment is the difference between the mean positional index in 189 the retrieval period and the mean index in the baseline period. And the turning index 190 increment is the difference between the mean turning index in the retrieval period and 191 the mean index in the baseline period. The learning ratio is the ratio of the number of 192 learners to the total number of fish. 
219
To scale up the learning process, we developed a high-throughput operant We found that 7-10 dpf zebrafish larvae showed significant learning responses 229 ( Figure 1C and Figure 1D 236 Figure 1E shows a representative trajectory of a learner who tended to avoid 237 conditioned visual pattern after training. 
Visual intensity ratio modulates operant learning responses in larval
239 zebrafish 240 We asked whether visual intensity ratios -CS patterns with different mean 241 intensities to the non-CS pattern (pure-gray pattern)would modulate learning.
242
Indeed, the lower CS to non-CS intensity ratio led to stronger learning responses: the 243 group of fish presented with the white-black checkerboard showed almost no learning 244 response (Figure 2A and Figure 2B ), whereas those presented with the pure-black 245 pattern showed prominent learning responses ( Figure 2C and Figure 2D ), quantified by the positional index and turning index. The learning indices for fish presented with 247 the red-black checkerboard fell in between the two other cases (Table 2) . 248
Single fish analysis distinguishes learners from non-learners 249
After the population analysis of learning responses, we next focused on individuals, 250 e.g., to count learners. Here, we divided the entire process into epochs. Every 251 two-minute-interval was one epoch. Therefore, the baseline phase has five epochs; the 252 training phase has ten epochs, and the test phase has nine epochs. Material and Methods). We found that 26% of the fish were learners when the CS was 263 red-black checkerboard (N = 104), and 50% of the fish were learners when the CS 264 was pure-black pattern (N = 42). When white-black checkerboard was used as the CS, 265 only one out of 37 fish learned ( Table 3 ). The learners' group showed significant 
268
We plotted the learning curvepositional indices versus timefor learners and 269 non-learners ( Figure 3A ). In the case of red-black checkerboard learners, the learning 270 curve rose and approached the maximum near the end of training; during the test 271 phase, the learning curve remained high during the first three epochs before memory 272 extinction. In Figure 3G , we showed the trace of a typical fish with memory 273 extinction in the test phase. Figure 3H magnified the test phase of Figure 3G , in which 274 after the extinction point at ~ 37 minute, fish started to swim more in the CS-zone.
275
In the case of pure black pattern learners, the learning curve also reached its 276 maximum near the end of training. However, it remained high across the entire test 277 phase ( Figure 3D ).
278
In Figure 3I , we compared the distribution of memory lengths when two different CS Age-dependent operant learning in larval zebrafish 285 We evaluated the learning abilities across 7-10 dpf larval zebrafish by plotting the 286 memory length, positional index and turning index versus ages.
287
In the case of learning red-black checkerboard pattern, the positional index increment 288 (see Material and Methods) and the memory length shows an increasing trend from 7 289 dpf to 10 dpf ( Figure 4A and Figure 4B ). However, there is no such trend in the 290 turning index increment (see Material and Methods and Figure 4C ).
291
In the case of learning the black visual pattern, however, no increasing trends from 7 292 dpf to 10 dpf fish were found for the memory length ( Figure 4D ), the positional index 293 increment ( Figure 4E ) and the turning index increment ( Figure 4F ). Operant learning allows animals to avoid dangers or to find potential rewards in a 297 complex environment (Skinner, 1984) . In this study, we demonstrated 7-10 dpf larval 314 We further investigated whether different visual intensity ratios could modulate 315 learning ability in larval zebrafish. We found that fish showed little learning response 316 when the white-black checkerboard was used as the CS pattern, which has the same 317 average intensity as pure gray, the non-CS visual pattern. However, when the 318 red-black checkerboard or pure-black visual pattern was used, some fish (28% in the 319 group exposed to the red-black checkerboard and 50% exposed to the pure-black 320 pattern) showed strong learning responses. Moreover, both the positional index and 321 turning index were significantly higher in fish exposed to pure-black visual pattern 322 versus those exposed to the red-black checkerboard (see Table 2 ). during and after operant learning (see Figure 2) , however, require an explanation that 330 goes beyond innate avoidance responses.
Visual intensity ratio modulates learning in larval zebrafish
331
Here we speculate that intensity-ratio-dependent learning may arise from the crosstalk showed memory extinction before the 18-minute test phase ended (see Figure 3G ).
351
Taken together, these results suggest that both operant conditioning and memory 352 extinction could be differentially modulated by the visual intensity ratio. Masino, 2013) found that larvae at 7 dpf and later will produce more consistent 359 locomotor activities. Here we found that 10 dpf fish exhibited the longest memory 360 length when the red-black checkerboard was used as the CS; whereas 7 dpf fish 361 showed the shortest memory length when the pure-black pattern was used (see Figure   362 4A). In addition, in the case of associating the red-black checkerboard pattern with the the positional index increment ( Figure 4B ). No such trends were found when the University. Available at: http://nrs.harvard.edu/urn-3:HUL.InstRepos:10974703.
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Mirat, O., Sternberg, J. R., Severi, K. E., and Wyart, C. (2013) . ZebraZoom: an 475 automated program for high-throughput behavioral analysis and categorization. indices before (light bar) and after (black bar) the training (p = 0.0843, p = 0.0021, and 541 p = 0.1260 from left to right, t-test).
542
(D) Larval zebrafish showed significant learning responses, quantified by the turning 543 index, after operational conditioning (p = 0.1836, p = 0.0099, and p = 0.0628, t-test). learning responses (CS zone was white-black checkerboard). t-test, p = 0.8832 for the 553 experiment group, p = 0.2493 for the self-control group. There is no unpaired-control 554 group because no significant learning responses were found in the experiment group.
555
(B) Analysis of the turning index suggested that fish did not show significant learning 556 responses (CS zone was white-black checkerboard). t-test, p = 0.3750 for the 557 experiment group, p = 0.7089 for the self-control group. There is no unpaired-control 558 group because no significant learning responses were found in the experiment group.
559
(C) Analysis of the positional index suggested that fish showed significant learning 560 responses. (CS zone was black pattern; p = 0.2018, p < 0.0001, p = 0.1923, from left to 561 right respectively, t-test.) (D) Analysis of the turning index suggested that fish showed significant learning 563 responses. (CS zone was black pattern; p = 0.2811, p = 0.0057, and p = 0.9837, from 564 left to right respectively, t-test.) 
